Abstract The effects of the abundance of acorns of the oak, Quercus crispula, on the population dynamics of three rodent species (Apodemus speciosus, A. argenteus, and Clethrionomys rufocanus) were analyzed using time series data (1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006). The data were obtained in a forest in northern Hokkaido, Japan, by live trapping rodents and directly counting acorns on the ground. Apodemus speciosus generally increased in abundance following acorn masting. However, the clear effect of acorn abundance was not detected for the other two rodent species. Acorns of Q. crispula contain tannins, which potentially have detrimental effects on herbivores.
Introduction
Various aspects of the relationship between acorns (seeds of oak trees) and forest-dwelling rodents have been studied, particularly, seed dispersal (see review by Vander Wall 2001) and acorn masting on rodent population dynamics (see review by . Because acorns contain high levels of calories (Shimada 2001a; Vander Wall 2001; , they are thought to be important food items for rodents, as ''acorns are the ecological equivalent of manna from heaven' ' (McShea and Healy 2002) . Indeed, various species of rodents collect and feed on various species of acorn (Vander Wall 1990) .
However, acorns of some oak species accumulate considerable amounts of tannins (red oak group 5.7-8.8% per dry seed weight; Ofcarcik and Burns 1971; Shimada 2001a) , which potentially have severe detrimental effects on herbivores (Fowler and Richards 1965; Robbins et al. 1987; Blytt et al. 1988; Bernays et al. 1989; ChungMacCoubrey et al. 1997 ). Shimada and Saitoh (2003) demonstrated the toxic effects of acorns containing tannins on the Japanese large wood mouse Apodemus speciosus; 75% of mice fed solely Q. crispula acorns in the laboratory died within 15 days. However, A. speciosus may reduce the damage caused by acorn tannins through acclimation, which can be achieved by a gradual increase in tannin intake (Shimada et al. 2004 ). Tannin-binding salivary proteins (proline-rich proteins: PRPs) and tannase-producing bacteria (TPB) may play an important role in this acclimation .
Because not all rodent species have PRPs and TPB, tolerance to the toxic effects of tannins may vary among species. examined studies on the effects of acorn masting on rodent population dynamics and found that Apodemus and Peromyscus species respond positively to acorn masting in general, whereas Clethrionomys species do not exhibit a clear response to acorns containing large amounts of tannins. The response of rodent populations to acorn masting may be determined by the tolerance of rodents to tannins and the quality of acorns (nutritional richness and tannin content). A species with higher tolerance to tannins may increase in abundance following masting of various types of acorns, whereas a species with lower tolerance cannot use acorns with high tannin content and does not increase in abundance. The oak Quercus crispula is a representative oak in northern East Asia and provides large amount of acorns every few years. Because these acorns contain a high percentage of tannins (Shimada 2001a; Shimada and Saitoh 2003) , different responses to acorn masting by different rodent species are expected. However, few studies have examined the effects of this key species on rodents .
Recent advances in the analysis of population dynamics reveal that density dependence is an essential driving force for population fluctuations in many species of rodent (Saitoh et al. , 1999 Stenseth 1999) . Because direct density dependence may emerge through intraspecies competition for various resources, density dependence should be taken into consideration when examining the effects of acorn abundance on rodent populations. However, studies which considered simultaneously the effects of both acorn and rodent density on population dynamics in their analytical models are limited (Elkinton et al. 1996; Elias et al. 2004 Elias et al. , 2006 .
The aim of this study was to characterize the numerical response of three species of forest-dwelling rodents, A. speciosus, A. argenteus, and Clethrionomys rufocanus, to the fluctuations in the abundance of acorns of Q. crispula, taking density dependence of rodents into consideration. Through those analyses we will evaluate the prediction that rodent species with different food habits and different tolerance to acorn tannins may respond differently to acorn masting .
Materials and methods

Study area
The study was conducted at the Uryu Experimental Forest of Hokkaido University (44°03-29¢N, 142°1-20¢E) in Horokanai, Hokkaido, Japan, which is located in the cool temperate wet climate zone. The yearly average temperature is 3.5°C, annual precipitation is 1,410 mm, and maximum snow depth is 275 cm. One site (6.78 ha) was a plantation forest comprising 4,800 seedlings of Japanese ash (Fraxinus mandshurica var. japonica), 900 seedlings of Ezo spruce (Picea glehnii) and 350 seedlings of todo fir (Abies sachalinensis) planted in 1985. However, this forest has changed to a secondary forest with birch (Betula ermani) as a dominant species. The other site was a natural forest of broad-leaved trees and conifers. Dominant species were Acer mono, Q. crispula, Betula ermani, Sorbus commixta, Abies sachalinensis, and Picea glehnii. The undergrowth of the natural forest was dominated by dwarf bamboos, Sasa senanensis and S. kurilensis.
Rodent abundance was assessed out in two plots (Fig. 1) ; one (A) was located in the plantation and the other (B) in the natural forest. The distance between these plots was 970 m. Acorn abundance was investigated at two study sites (Forest 408 and 422, Fig. 1 ) located 6,300 m apart. The distance between the rodent and acorn plots was approximately 5 km.
Rodent species
The following seven rodent species were recorded in the study plots: Apodemus speciosus, A. argenteus, A. peninsulae, Clethrionomys rufocanus, C. rutilus, Tamias sibiricus, and Rattus norvegicus. Because the abundances of A. peninsulae, C. rutilus, T. sibiricus, and R. norvegicus were very low, these species were excluded from analyses.
The gray-sided vole, C. rufocanus, is a small-sized (30-40 g), short-tailed (around 40% of head and body) rodent. It is distributed widely from Fennoscandia to eastern Asia (e.g., Stenseth 1985; Kaneko et al. 1998 ). The small Japanese wood mouse, A. argenteus, is endemic to Japan. It is small, weighing just 15-20 g, with a tail longer than its body. Apodemus speciosus is another Japanese endemic wood mouse with a weight of 40-60 g; it is the largest of the three species examined here.
The main reproductive season for the three species is from April/May to September/October in Hokkaido (Fujimaki 1969a (Fujimaki , b, 1972 (Fujimaki , 1973 (Fujimaki , 1975 Murakami 1974; Kondo and Abe 1978; Kuwahata 1984; Nakata 1987 Nakata , 1998 . The wood mice (Apodemus spp.) tend to cease reproduction earlier than the vole (C. rufocanus) (Fujimaki 1969a, b; Nakata 1998 ).
All three species have a wide diet in Hokkaido (Ota 1984) . The main dietary items are seeds, green plants, and invertebrates (mainly insects). Clethrionomys rufocanus mainly feeds on green plants, which usually occupy more than 50% of its diet (Ota et al. 1959; Ota 1984) . Leaves and shoots of bamboo grass dominate the diet during winter, whereas various forbs and grasses are eaten during summer (Ota 1984) . The diet is, thus, predominantly folivorous and subdominantly granivorous. The Apodemus species prefer seeds and invertebrates to forbs and grasses (Ota et al. 1959) . There are no reports that green plants dominate over other food items in their diets in Hokkaido. Apodemus argenteus generally prefers smaller seeds and insects than A. speciosus (Ota et al. 1959) . The diets of the wood mice are thus predominantly granivorous and subdominantly insectivorous. Caching behavior is well developed in Apodemus (Miyaki and Kikuzawa 1988; Soné and Kohno 1996) . The three species thus appear to follow typical Clethrionomys and Apodemus dietary patterns (Hansson 1985a, b) .
Although sympatric, there is no evidence of competition between Clethrionomys and Apodemus (Abe 1986). Congeneric interactions are, however, thought to occur (Ota 1968; Abe 1986; Nakata 1995) . A possible competitor of C. rufocanus, the northern red-backed vole (C. rutilus) is not common in Northern Hokkaido (Ota 1968; Saitoh and Nakatsu 1997) and is thus likely to be relatively unimportant. Apodemus speciosus is dominant over A. argenteus (Sekijima and Soné 1994) . Because other rodents were rare in the study area, their influences on the three species of concern were likely to be negligible.
Rodent abundance
Rodent abundance was assessed in the two plots from 1992 to 2006. Trapping was carried out for three consecutive days in every autumn (September or early October) at each plot (0.5 ha) using 50 Sherman-type live traps baited with oats and placed at 10-m intervals in a grid pattern. All rodents were identified by toe clipping upon first capture. Species, location, identity, sex, body weight (once or more per trapping session), and reproductive status were recorded upon capture. The methods of animal handling conformed to guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998).
Acorn count
Acorn abundance was investigated from 1991 to 2005 at the two study sites. A total of 15 and 17 oak trees (Q. crispula) were selected for investigation in Forest 408 and Forest 422, respectively. All acorns found on the ground within a 10-m radius of a selected tree were counted. This direct count was carried out three or four times at 2-to 20-day intervals every autumn (September-November). The frequency and interval of the direct count were adjusted to acorn abundance in a year; i.e., trees were more frequently investigated at a shorter interval in a high abundance year. Acorns were collected at the study sites and counted in the research station of the experimental forest. Although the selected trees were investigated continuously during the study period, four trees from Forest 422 were excluded in 2004 and thereafter, because they were severely damaged by a typhoon. Fifty seed traps with 0.5-m 2 aperture were set at 10-m intervals in a grid pattern on the rodent plot B in the natural forest. The seed traps were examined every autumn from 1993 to 2005 and the number of captured seeds was counted for each tree species. Although data from the seed traps are preferable because the investigation was performed in the rodent plot using the standardized method, the study period was shorter than that for the direct count at Forest 408 and Forest 422. Because the acorn abundance data were highly correlated with each other (Pearson's correlation coefficient r = 0.847, P = 0.0003), we used data from Forest 408 and Forest 422 for the following analyses because of the longer study period.
Models
Typically, small rodent populations exhibit no higher than an order-two autoregressive structure on an annual basis (e.g., Bjørnstad et al. 1995; Stenseth 1999) . For populations of the gray-sided vole (C. rufocanus) and the two species of wood mouse (A. speciosus and A. argenteus) in this study area, direct density dependence dominates over delayed density dependence, and there is no evidence of an effect of delayed density dependence (Saitoh et al. , 1999 . Thus, we included only direct density dependence in a model to predict rodent abundance. The breeding season of the three species of rodents is from spring to autumn (Ota 1984) . Because Q. crispula acorns become available to rodents in late September, acorn abundance hardly influences rodent reproduction in the current year and may have a minor effect on rodent abundance in the current year. Acorn effects on rodent populations may appear in the next year through the following process: in a mast year, rodents may gain their weight in autumn and cache acorns for winter, which results in higher overwinter survival; more rodents reproduce in the next spring, and the population increases. Thus, letting x t correspond to the log-transformed 'true' abundance of rodents in year t, ignoring higher-order terms, the rodent abundance in year t may be expressed using the density dependence parameter a 1 (the direct density dependence) together with effects of acorn abundance a 2 :
where A t is the log-transformed 'true' abundance of acorns in year t and the process stochasticity, e t , is assumed to be normally distributed with mean zero and a constant variance (r 2 ). We also examined the following model for comparison:
Previously (Stenseth et al. 2003) , sampling error was explicitly accounted for by incorporating both an ecological process model and an observation model (i.e., a state-space model; see de Valpine and Hastings 2002; Viljugrein et al. 2005) . Using the WinBUGS 1.4.1 software package (Spiegelhalter et al. 2003 ), a Bayesian approach was taken to estimate coefficients for density dependence and effects of acorn abundance (for detailed methodology, see Stenseth et al. 2003) . Here, we used the minimum number alive (Krebs 1999) as rodent abundance and the number of trap-nights as trapping effort. Rodent abundance from the two study plots was pooled for each year. The total number of counted acorns and the number of investigated trees were used as acorn abundance and measurement effort, respectively (see Spiegelhalter et al. 2003 for technical problems). The mean of the posterior distributions was used for representatives of the coefficients.
Results
Acorn abundance (given as the number per tree) fluctuated widely, from 31.4 in 1995 to 3,603.6 in 1998 (Fig. 2) ; the average for the study period was 1,509.2, with a large standard deviation (1,470.6). It was rare for the abundance to be high in two successive years, except for 2003 and 2004, although low abundance occurred for several successive years.
Apodemus speciosus was the most common rodent. Its average abundance (minimum number alive) was 29.1 (SD = 20.5). Apodemus argenteus and C. rufocanus followed the dominant species; their average abundance was 16.7 (SD = 12.3) and 10.2 (SD = 10.7), respectively. These populations fluctuated greatly, but without any significant correlation between the species (Pearson's correlation coefficient r = 0.263, P = 0.344 between A. speciosus and A. argenteus; r = 0.285, P = 0.303 between A. speciosus and C. rufocanus; r = 0.385, P = 0.157 between A. argenteus and C. rufocanus; Fig. 2) .
Apodemus speciosus increased in abundance following acorn masting. After the peak years of acorn abundance (1994, 1996, 1998, 2000, and 2003) , A. speciosus population showed peaks in 1995, 1997, 1999-2000, and 2004 . Strong evidence for density dependence was found for all three species using Model 1 ( Table 1 ). The mean coefficients (a 1 ) were around -1, which is consistent with the results of Saitoh et al. (1999) .
A clear-cut effect of acorn abundance was found only for A. speciosus (Table 1 ). The mean coefficient of acorn effects (a 2 ) was 0.345, and the lower limit of the 95% credible interval was positive (0.072) in Model 1. That effect was also evident in Model 2. In contrast to A. speciosus, an effect of acorn abundance was not detected for C. rufocanus. Although the mean a 2 was relatively high (0.369), the lower limit of the 95% credible interval was negative (-0.271) because of high deviation in Model 1. The results of Model 2 were consistent with those of Model 1 (Table 1 ). An effect of acorn abundance was marginal for A. argenteus. The mean a 2 was low (0.203) but the lower limit of the 95% credible interval was close to zero (-0.007) in Model 1, while the lower limit in Model 2 was positive (0.008). 
Discussion
A clear-cut effect of acorn abundance was found for A. speciosus, but not for A. argenteus and C. rufocanus in this study (Table 1 ; Fig. 2 ). There were no large differences in the results on acorn effects between the two models; one (Model 1) includes density dependence of rodents and the other (Model 2) consists of an acorn effect alone. Although a model including density dependence is recommended, a simple model like Model 2 could provide consistent results. It is known that sampling errors cause overestimate of the degree of density dependence owing to bias (see Freckleton et al. 2006 for a recent review). The autoregressive approach ignoring sampling errors may provide somewhat inflated estimates for density dependence and that may result in underestimation of an acorn effect. The Bayesian state-space models, used in this study, which take sampling errors in consideration, reduce the bias of density dependence compared to that of the autoregressive approach ignoring sampling errors (Viljugrein et al. 2005) . Thus, the present results are robust in both examinations of effect combination and sampling errors. The two species of wood mouse (A. speciosus and A. argenteus) are granivorous (Ota 1984) , taking various types of seeds including acorns. However, A. speciosus prefers larger seeds, whereas A. argenteus selectively uses smaller seeds (Shimada 2001b) . Because the size of Q. crispula acorns is very large (5-10 g), they may not be preferable for A. argenteus. Saitoh et al. (2000) investigated which species is responsible for taking artificially buried Q. crispula acorns in the ground using a large outdoor enclosure (3 ha). They found that A. speciosus collected many acorns, whereas A. argenteus left many buried acorns. The gray-sided vole (C. rufocanus), which exhibits food habits intermediate to herbivore and granivore (Ota 1984) , also took acorns, although at a lower rate than A. speciosus (Saitoh et al. 2000) .
The rodent species might also differ with respect to their tolerance to the toxic effects of acorn tannins. Acorns of Q. crispula contain 6-12% tannins (Shimada 2001a) , which potentially have detrimental effects on wood mice (Shimada and Saitoh 2003) . However, A. speciosus can reduce the damage caused by acorn tannins through acclimation, which could be achieved by a gradual increase in tannin intake (Shimada et al. 2004 ). PRPs and TPB may play an important role in this acclimation . Thus, A. speciosus can use acorns due to these countermeasures against tannins. In contrast, A. argenteus and C. rufocanus may have weaker or no countermeasures against tannins, although the tannin tolerance of the two species are unknown.
In a forest in Maine, USA, differences in response to mast were found between Peromyscus leucopus and C. gapperi (Elias et al. 2004 (Elias et al. , 2006 . Population increases in P. leucopus followed large acorn crops produced mainly by the red oak, Quercus rubra, whereas C. gapperi was influenced by the seed abundance of Pinus strobus. Quercus rubra produces nutritious acorns with high tannin content . Peromyscus leucopus may be able to use the acorns, whereas C. gapperi may not. Clethrionomys gapperi can eat the seeds of Pinus strobus, which are generally thought to be important food for various species. The tannin tolerance of P. leucopus and C. gapperi is unknown. We can, however, predict that P. leucopus could reduce the toxic effects of Q. rubra acorns by physiological and/or behavioral countermeasures against tannins, as does A. speciosus. In contrast, C. gapperi, like A. argenteus and C. rufocanus, may have weaker or no countermeasures against tannin. The tannin tolerance of these species should be evaluated in future studies. reviewed studies of the effects of acorn masting on rodent population dynamics. They stressed the importance of studying acorns that contain a high percentage of tannins and are relatively nutritionally poor (type 2, after because the effects of tannins may become conspicuous and different effects on different rodent species are expected in type 2 species, whereas the effects of tannins may be masked by a high nutritive value in oak species whose acorns contain a lot of protein and fat. Quercus crispula is a representative type 2 oak and provides a large amount of acorns every few years.
As a follow-up, nutritional constituents of shelled acorns from tree No. 212 in Forest 422 were measured (Table 2) . Although these acorns showed high caloric content, resembling those in previous studies (Shimada 2001a; Shimada and Saitoh 2003) , the percentage of total phenolics, which is generally regarded as an index of tannins, was smaller than that in previous studies, in which the total phenolics were measured as 11.7% in acorns collected in Miyama, Kyoto Prefecture. Because the amount of tannins contained in acorns varies greatly among individual trees (Sork et al. 1983 ; A. Takahashi and T. Shimada, personal communication), we may have accidentally selected acorns that contained less tannin, and, because of regional variation in tannin content, acorns in this area may contain less tannin than those in other areas. Nevertheless, the total phenolics observed, at 6.1%, could be regarded as enough to potentially harm rodents (see Shimada and Saitoh 2003) .
Meeting our expectations, we found a difference in the effects of acorn masting on population dynamics among the three rodent species; acorn effects were clearly demonstrated for A. speciosus, but not for A. argenteus or C. rufocanus. However, this is not a conclusive answer for A. argenteus and C. rufocanus. Long-term data are required to examine some ecological effects. Saitoh et al. (1998) demonstrated that data sets covering more than 20 years are needed to conclusively detect density dependence (see also Hanski 1990 ). This study (15 years) may not have been long enough to obtain a conclusive answer, particularly for A. argenteus, in which the probability that the coefficient (a 2 ) was positive was high. We have, however, no doubt that A. speciosus populations are more strongly influenced by Q. crispula acorn abundance than A. argenteus and C. rufocanus, and this difference can be interpreted by differences in their food habits and tannin tolerance. 
